Regulation of the γ-tubulin ring complex (γTuRC) through targeting and activation restricts nucleation of microtubules to microtubuleorganizing centers (MTOCs), aiding in the assembly of ordered microtubule arrays. However, the mechanistic basis of this important regulation remains poorly understood. Here, we show that, in human cells, γTuRC integrity, determined by the presence of γ-tubulin complex proteins (GCPs; also known as TUBGCPs) 2-6, is a prerequisite for interaction with the targeting factor NEDD1, impacting on essentially all γ-tubulin-dependent functions. Recognition of γTuRC integrity is mediated by MZT1, which binds not only to the GCP3 subunit as previously shown, but cooperatively also to other GCPs through a conserved hydrophobic motif present in the N-termini of GCP2, GCP3, GCP5 and GCP6. MZT1 knockdown causes severe cellular defects under conditions that leave γTuRC intact, suggesting that the essential function of MZT1 is not in γTuRC assembly. Instead, MZT1 specifically binds fully assembled γTuRC to enable interaction with NEDD1 for targeting, and with the CM1 domain of CDK5RAP2 for stimulating nucleation activity. Thus, MZT1 is a 'priming factor' for γTuRC that allows spatial regulation of nucleation.
INTRODUCTION
The γ-tubulin ring complex (γTuRC), composed of γ-tubulin and γ-tubulin complex proteins (GCPs, also known as TUBGCPs), nucleates microtubules by providing a template for the assembly of α-tubulin-β-tubulin heterodimers (Kollman et al., 2011; Oakley et al., 2015; Petry and Vale, 2015; Remy et al., 2013; Teixidó-Travesa et al., 2012) . The GCPs that form the γTuRC core structure all have homologous regions known as Grip motifs (Gunawardane et al., 2000; Kollman et al., 2011) and in human cells are named GCP2, GCP3, GCP4, GCP5 and GCP6 (Lüders and Stearns, 2007; Murphy et al., 2001; Teixidó-Travesa et al., 2012) . As a nucleator, γTuRC is not only important for generating microtubules but also for controlling their position and orientation, which is fundamental to the formation of ordered microtubule arrays (Lüders and Stearns, 2007) . Thus, the activity of γTuRC is tightly controlled by targeting and activation factors that spatially restrict nucleation to microtubule-organizing centers (MTOCs) such as the centrosome. Surprisingly, whereas assembly and targeting of human γTuRC seem to involve all GCPs (Bahtz et al., 2012; Choi et al., 2010; Izumi et al., 2008; Scheidecker et al., 2015) , only γ-tubulin, GCP2 and GCP3, which form the smaller subcomplex γTuSC, are essential in flies and fungi, and are sufficient for microtubule nucleation and targeting to MTOCs (Anders et al., 2006; Fujita et al., 2002; Lin et al., 2015; Venkatram et al., 2004; Vérollet et al., 2006; Xiong and Oakley, 2009 ). These observations suggest that there are important organism-specific differences in the manner by which nucleation template assembly is linked to targeting and activation.
In budding yeast, which lacks GCP4, GCP5 and GCP6, formation of higher-order γ-tubulin complexes seems to be restricted to the spindle pole body (the yeast centrosome equivalent). Here, interactions with adapter proteins containing CM1 and SPM motifs might trigger formation of γTuSC oligomers that are similar in structure and activity to γTuRC (Kollman et al., 2010; Lin et al., 2015 Lin et al., , 2014 . The CM1 and SPM motifs of the budding yeast adapter Spc110 have been shown to mediate interaction with γTuSC, through direct interaction with the Nterminus of GCP3 and possibly also GCP2 (Knop and Schiebel, 1997; Lin et al., 2011; Nguyen et al., 1998) . Phosphorylation of the adapter in the region between the two motifs further enhances the interaction. As a result, γTuSC oligomerizes and becomes a more active nucleation template (Lin et al., 2014) . Even in fission yeast, which contains GCP4, GCP5 and GCP6, formation of active higherorder γ-tubulin complexes requires interaction with the CM1-containing protein Mto1 that forms an adapter complex with Mto2 at interphase MTOCs (Lynch et al., 2014) . Adapter-mediated γTuSC oligomerization at MTOCs might also explain how the experimental loss of the γTuRC-specific subunits GCP4, GCP5 and GCP6 is compensated for in flies (Vérollet et al., 2006) .
In contrast to fungi, in most animal cells γTuRC assembly, targeting and activation are not tightly coupled, and pre-assembled but relatively inactive γTuRCs can be found in the cytosol, outside of MTOCs. However, in human cells γTuRC pre-assembly, targeting and activation are linked in the sense that all of these steps seem to involve the γTuRC-specific GCP4, GCP5 and GCP6 (Bahtz et al., 2012; Choi et al., 2010; Izumi et al., 2008; Scheidecker et al., 2015) , but the underlying mechanism has not been revealed. In fact, a systematic comparative analysis of the roles of all human GCPs in γTuRC assembly and function has never been conducted.
Targeting of human γTuRC can be mediated by various different proteins. Pericentrin, AKAP9, CDK5RAP2 and myomegalin have been implicated in γTuRC recruitment to the centrosome (Fong et al., 2008; Takahashi et al., 2002; Zimmerman et al., 2004) and to the Golgi, which functions as a non-centrosomal MTOC (Rivero et al., 2009; Roubin et al., 2013; Wang et al., 2010) . All of these proteins contain a CM1 motif (Lin et al., 2014 (Lin et al., , 2015 Samejima et al., 2008; Sawin et al., 2004) , whereas an SPM motif is found only in pericentrin and AKAP9 (Lin et al., 2014 (Lin et al., , 2015 . Curiously, NEDD1 (also known as GCP-WD), which in human cells is the most crucial factor for centrosomal targeting of γTuRC (Haren et al., 2006; Lüders et al., 2006) , does not seem to contain any SPM or CM1 motifs. Regardless of the presence or absence of SPM or CM1 motifs, both CDK5RAP2 and NEDD1 seem to specifically associate with γTuRC but not subcomplexes such as γTuSC (Choi et al., 2010; Lüders et al., 2006) , but how this specific recognition of γTuRC is achieved is unclear.
Apart from mediating the interaction with γ-tubulin complexes, the CM1 motif seems to have a role in activating the nucleation activity of γ-tubulin complexes. In yeast, activation might result from γTuSC oligomerization (Kollman et al., 2010; Lin et al., 2014; Lynch et al., 2014) . In human cells, however, oligomerization per se might not be sufficient for full nucleation activity: even though oligomeric complexes exist in the form of pre-assembled γTuRCs, the 50-amino-acid CM1 motif of human CDK5RAP2 alone is able to strongly stimulate nucleation activity of these complexes in vitro and in vivo (Choi et al., 2010) . Indeed, it has been proposed that in addition to oligomerization the GCP3 subunit has to undergo a conformational change to allow formation of an optimal nucleation template (Kollman et al., 2015) .
Adding to the complexity of the regulatory network controlling nucleation, the small ∼8-kDa protein MZT1, which is found in animals, plants and most fungi, and is not related to any of the other known adapters, is also required for targeting γTuRC to nucleation sites (Dhani et al., 2013; Hutchins et al., 2010; Janski et al., 2012; Masuda et al., 2013; Nakamura et al., 2012) . However, whether MZT1 directly attaches γ-tubulin complexes to MTOCs and whether this role is related to the function of other wellestablished targeting factors such as NEDD1 or CM1-containing adapters, is unknown. It has also not been tested whether MZT1 has any role in γTuRC or γTuSC oligomer assembly. Given that MZT1 interacts with GCP3 (Dhani et al., 2013; Janski et al., 2012; Nakamura et al., 2012) , the subunit that has been suggested to undergo a conformational switch during the activation of γ-tubulin complexes (Kollman et al., 2015) , and based on circumstantial evidence, MZT1 has been proposed to stimulate nucleation activity (Masuda and Toda, 2016; Nakamura et al., 2012) . The relationship with CM1-dependent activation, if any, remained unclear.
In summary, whereas in some organisms a minimal machinery involving adapters that interact with γTuSC might be sufficient to allow assembly, targeting and activation of higher-order γ-tubulin complexes, in other systems, including in human cells, this process is subject to more complex regulation and remains poorly understood. Here, we have addressed this issue by systematic probing of the subunit requirements, in particular the role of MZT1, in the spatial regulation of γTuRC in human cells.
RESULTS

Impairment of γ-tubulin-dependent functions scales with compromised γTuRC integrity
To analyze and compare the roles of the different GCPs in γTuRC assembly and function, we used RNA interference (RNAi)-mediated depletion. Given that some depletion conditions, including knockdown of GCP2, resulted in strong co-depletion of other γTuRC subunits (Fig. S1A) , we first established RNAi conditions that allowed specific and efficient (>95%) depletion of only the target protein, as judged by western blotting of cell extracts (Fig. 1A) . With the exception of GCP3 knockdown, which always led to a slight co-depletion of GCP6, transfection of the selected small interfering RNAs (siRNAs) for 72 h specifically reduced the levels of the targeted GCP with minimal effects on other GCP subunits (Fig. 1A) . Using these conditions, we then determined, for each transfection, the state of γTuRC, by performing sucrose gradient fractionation, and its functionality, by analysis of cellular phenotypes using immunofluorescence microscopy. This allowed us, in each case, to directly correlate γTuRC integrity with function.
Sucrose gradient fractionation of the extracts shown in Fig. 1A and probing with antibodies against γTuRC subunits revealed two distinct peaks corresponding to γTuRC and to complexes of smaller molecular mass for control extract (Fig. 1B,C; Fig. S2A-D ). Given that we had observed in previous work that the amplitude of the γTuRC peak was variable between experiments but consistent between samples that were processed in parallel in individual experiments (Lüders et al., 2006; Teixidó-Travesa et al., 2010) , we always analyzed knockdown samples side-by-side with control extract. In GCP3-depleted extract, γ-tubulin in both peaks was shifted to fractions of very small molecular mass (<7S), consistent with GCP3 being required for the assembly of both γTuRC and smaller complexes (Fig. 1B,C) . Depletion of any of the three γTuRC-specific subunits (GCP4, GCP5 or GCP6) also reduced the amount of γTuRC present in the extract (Fig. 1B,C; Fig. S2A-D) . The strongest γTuRC disruption was observed with extracts depleted of GCP6, whereas depletion of GCP4 or GCP5 led to only partial γTuRC disruption, with a substantial amount of GCP6 still co-fractionating in a high-molecular-mass complex that seemed only slightly smaller than γTuRC (Fig. S2A-D) . Knockdown cultures derived from the same transfections were also used for analysis by immunofluorescence microscopy. Interestingly, depletion of GCP6 caused a similar increase in the mitotic index to that seen upon depletion of GCP3 (∼45% and ∼40%, respectively). Depletion of GCP4 or GCP5 also increased the mitotic index but to a lesser extent (∼15% and 10%, respectively) (Fig. 1D ). GCP6-depleted cells displayed mitotic defects that were at least as severe as in cells depleted of GCP3. Approximately 80% of GCP6-depleted mitotic cells had monopolar-like spindle configurations with poorly organized microtubules, and few cells at metaphase or in later mitotic stages were observed. Depletion of GCP4 or GCP5 produced similar, but milder, mitotic spindle defects (Fig. 1E) .
We also analyzed the samples for possible centriole duplication defects by counting centrin foci in mitotic cells. Again GCP6 depletion produced defects that were comparable to those observed in GCP3-depleted cells. In both cases, depleted cells (∼60%) had not duplicated their centrioles and contained a single centriole at each of their spindle poles (configuration '1+1') compared to doublets in control cells (configuration '2+2') ( Fig. 1F) . Depletion of GCP4 or GCP5 also impaired centriole duplication, but the defects were milder than in GCP6-depleted cells. In 10-20% of the cells one of the centrioles had failed duplication (configuration '2+1') ( Fig. 1F ). Centriole duplication was recently shown to require phosphorylation of GCP6 by Plk4 (Bahtz et al., 2012) . Our experiments additionally suggest that centriole duplication requires an intact γTuRC. In summary, our data shows that impairment of γ-tubulin dependent functions is correlated with the degree of γTuRC disruption in human cells.
Centrosomal targeting of γ-tubulin is directly correlated with γTuRC integrity
To better understand how γTuRC disruption impairs spatial regulation of nucleation, we determined γ-tubulin recruitment to centrosomes in control and siRNA-treated mitotic cells. Depletion of GCPs reduced centrosomal γ-tubulin staining in all cases, whereas pericentrin was not affected, indicating specific loss of γ-tubulin ( Fig. 2A) . Simultaneous disruption of γTuSC and γTuRC (upon depletion of GCP3) or specific disruption of only γTuRC (upon depletion of GCP6) reduced the amount of centrosomal γ-tubulin by ∼55% compared to control cells, whereas depletion of GCP4 or GCP5 caused milder effects (∼30% and ∼15% reduction, respectively) ( Fig. 2A-C) . The reduction in centrosomal γ-tubulin correlated with a proportional reduction in centrosomal nucleation activity in a microtubule depolymerization-repolymerization assay (Fig. 2B ,C). We note that the measured reduction in centrosomal γ-tubulin is likely an underestimation, as many severely affected mitotic cells, in particular after depletion of GCP3 or GCP6, detached from the dish or displayed fragmented centrosomes and thus were not used for quantification. We conclude that, similar to the mitotic and centriole duplication defects, impaired centrosomal targeting of γ-tubulin scales with the degree of γTuRC disruption.
γTuRC integrity is crucial for binding to the targeting subunit NEDD1
The phenotypes that we observed in cells with disrupted γTuRC have striking similarity with the phenotypes previously reported for knockdown of the targeting factor NEDD1 (Haren et al., 2006; Lüders et al., 2006) . To investigate this, we determined the protein levels of NEDD1 in depleted extracts. Surprisingly, with the exception of GCP5 depletion, all siRNA treatments caused a strong co-depletion of NEDD1 (82%, 69% and 51% reduction in cells
**** **** **** **** ** **** **** **** depleted of GCP6, GCP3 and GCP4, respectively) ( Fig. S3A) , suggesting that an intact γTuRC is required for NEDD1 stability and supporting the notion that NEDD1 is a core subunit of γTuRC (Lüders et al., 2006; Teixidó-Travesa et al., 2010) . To confirm that the defects that we have described above for depletion of GCPs were a direct consequence of γTuRC disruption and not a secondary effect caused by NEDD1 co-depletion, we performed rescue experiments by expressing RNAi-resistant recombinant NEDD1-EGFP in siRNA-treated cells. In cells depleted of NEDD1 exogenously expressed NEDD1-EGFP efficiently rescued loss of centrosomal γ-tubulin and mitotic arrest ( Fig. S3B-E) . However, expression of NEDD1-EGFP did not restore centrosomal γ-tubulin and mitotic progression in GCP3-or GCP6-depleted cells ( Fig. S3C-E ). This result demonstrates that the disruption of γTuRC and not the loss of NEDD1 is the primary cause of the mitotic defects in cells depleted of GCP3 or GCP6. Our finding that centrosomal targeting of human γ-tubulin depends on γTuRC integrity, and that depletion of GCP6 produces phenotypes indistinguishable from those observed after depletion of GCP3, contrasts with results in other organisms. In Drosophila and fungi, only γTuSC subunits were found to be essential (Anders et al., 2006; Fujita et al., 2002; Venkatram et al., 2004; Vérollet et al., 2006; Xiong and Oakley, 2009) . A key to this discrepancy might be the fact that γ-tubulin targeting depends strongly on NEDD1 in human cells, whereas this protein seems to be less important in flies and is not present in fungi. Given that NEDD1 was also destabilized under conditions that disrupted γTuRC but left γTuSC intact (Fig. S3A) , we speculated that only intact γTuRC, but not γTuSC, interacts with NEDD1. To test this, we studied the interaction between NEDD1 and γTuRC subunits in control extract and extracts depleted of individual GCPs. To make the assay insensitive to the destabilization of endogenous NEDD1, we supplemented the extract with an excess of a recombinant GST fusion of the C-terminal half of NEDD1 (GST-C-NEDD1), which is sufficient for γTuRC binding (Haren et al., 2006; Lüders et al., 2006; Manning et al., 2010) . After affinity purification on glutathione beads, GST-C-NEDD1-associated GCPs and γ-tubulin were detected by western blotting with specific antibodies. Interestingly, depletion of any of the GCPs reduced the amounts of γ-tubulin and of all remaining GCPs that were bound to GST-C-NEDD1 (Fig. 2D) . The strongest impairment was observed after knockdown of GCP2, GCP3 or GCP6. Importantly, in depleted extracts, none of the remaining GCPs retained the strong binding observed in control extract (Fig. 2D) . As a result, despite the differences in the total amount of γ-tubulin and GCPs that were bound to GST-C-NEDD1, the relative amounts of the retained subunits were always similar, strongly suggesting that NEDD1 interacts preferentially with intact γTuRCs composed of the complete set of subunits. Individual subunits or subcomplexes, such as γTuSC, cannot interact efficiently with NEDD1, explaining why only γTuRC can target γ-tubulin to centrosomes in human cells.
γTuRC interaction with NEDD1 is promoted by MZT1
How does NEDD1 selectively associate with γTuRC? Previous work suggested that NEDD1 directly binds to γ-tubulin (Manning et al., 2010) , but subcomplexes of γTuRC including γTuSC, despite the presence of γ-tubulin, do not associate with NEDD1 ( Fig. 2D ) (Lüders et al., 2006) . Thus interaction with γ-tubulin cannot explain the preferential binding of NEDD1 to γTuRC. Interestingly, similar to NEDD1 the recently discovered γTuRC subunit MZT1 also preferentially binds to γTuRC and is required for its recruitment to centrosomes (Hutchins et al., 2010) . However, it remained unclear whether MZT1 mediates targeting directly or indirectly, by affecting γTuRC integrity. To address this we generated an antibody against human MZT1 that recognized a protein of the expected size by western blotting. The specificity of the band was confirmed by siRNA-mediated depletion of MZT1 (Fig. 3F,G) . We then confirmed that MZT1-depleted cells arrested in mitosis with monopolar spindles and displayed a specific reduction in centrosomal γ-tubulin as described previously (Hutchins et al., 2010) (Fig. S4A-F) . Interestingly, loss of centrosomal γ-tubulin was also observed in interphase cells, indicating that MZT1 is not a mitosis-specific factor but is required for γTuRC targeting throughout the cell cycle (Fig. 3A,B) . In agreement with this, we found that MZT1 depletion also impaired centriole duplication (Fig. 3E ). Compared to γ-tubulin, centrosomal localization of NEDD1 was not sensitive or less sensitive to MZT1 depletion ( Fig. 3C,D; Fig. S4E,F) , suggesting that MZT1 does not control centrosomal targeting of NEDD1 but rather links NEDD1 to γTuRC. To test this more directly, we immunoprecipitated NEDD1 from control and MZT1-knockdown cells and probed for coprecipitation of γ-tubulin and GCP6. Indeed, in the absence of MZT1, interaction of NEDD1 with these γTuRC subunits was strongly diminished (Fig. 3F) . Importantly, when we analyzed MZT1-depleted extracts on sucrose gradients, γ-tubulin and GCPs were still detected in fractions corresponding to the size of γTuRC, despite the reduced levels of MZT1 in these fractions (Fig. 3G,H) . Thus, under MZT1 depletion conditions that cause severe cellular defects, γTuRC is still present, but contains a reduced amount of MZT1 and is defective in binding to the targeting factor NEDD1.
MZT1 directly binds to the N-termini of multiple GCPs
Given that MZT1 was required for NEDD1 to interact with γTuRC, we speculated that MZT1 might also be responsible for the preferential recognition of γTuRC over subcomplexes. However, it was previously shown that MZT1 itself directly binds to the Nterminus of GCP3, a subunit that is not specific to γTuRC (Dhani et al., 2013; Janski et al., 2012; Nakamura et al., 2012) . We decided to re-investigate the interactions of MZT1 with γTuRC subunits. We generated N-terminal fragments of each of the GCPs, comprising the first Grip domain and any N-terminal extensions (NTEs) (Fig. 4A) . We then performed co-immunoprecipitation experiments in human cells overexpressing FLAG-tagged N-terminal GCP fragments together with EGFP-MZT1. Surprisingly, in this assay we observed interaction of MZT1 not only with the N-terminal fragment of GCP3, as previously described, but also with the corresponding fragments of GCP5 and GCP6 (Fig. 4B) . N-terminal fragments of GCP2 and GCP4 failed to coprecipitate with MZT1. In the case of GCP3, the MZT1-binding site was mapped to the NTE that precedes the conserved first Grip domain (Dhani et al., 2013; Janski et al., 2012) . Indeed, deletion of the corresponding regions in the N-terminal fragments of GCP3, GCP5 and GCP6 diminished the interaction with EGFP-MZT1 in the coprecipitation assay in each case (Fig. 4B) . To test whether these newly discovered interactions were direct, we employed the yeast two-hybrid assay. This revealed that MZT1 strongly interacted with the N-terminal fragments of GCP3, GCP5 and GCP6, and also with GCP2, although somewhat less strongly (Fig. 4C) , whereas no interaction was observed with the N-terminus of GCP4. Serving as controls, γ-tubulin and GCP8, two subunits of the γTuRC that are unrelated to GCPs 2-6 (Teixidó-Travesa et al., 2010), also failed to interact with MZT1 (Fig. 4C) . Despite the overall very low sequence conservation in the NTEs of GCP2, GCP3, GCP5 and GCP6, careful analysis revealed a conserved sequence motif composed mostly of hydrophobic residues (Fig. 4D) . To test whether this motif may be involved in MZT1 binding, we mutated three of the conserved residues to alanine ('3A' mutants). Indeed, N-terminal GCP fragments carrying these mutations did not bind MZT1 in the yeast two-hybrid assay (Fig. 4E) . Together the results suggest that MZT1 directly binds to the N-termini of multiple GCPs and that a conserved motif present in the NTEs is required for this interaction.
We next asked how mutation of this motif would affect MZT1 binding in the context of full-length GCPs. GCPs with mutated MZT1 binding motif coprecipitated with other GCPs and γ-tubulin similar to the wild-type versions. However, in contrast to the wild-type proteins, the 3A mutants did not efficiently coprecipitate endogenous MZT1 and NEDD1 (Fig. 5A) . Consistent with this finding, immunofluorescence analysis showed that GCP 3A mutants were defective in targeting to centrosomes (Fig. 5B,C) . We also determined the functional consequences for γTuRC containing a mutant GCP in the absence of the corresponding endogenous protein. We expressed FLAG-tagged wild-type GCP3 or the 3A mutant in cells depleted of endogenous GCP3 (Fig. 5D ). Whereas loss of centrosomal γ-tubulin and the increased mitotic index after GCP3 depletion were rescued in cells expressing recombinant wild-type GCP3, these defects were still observed in cells expressing the GCP3 3A mutant (Fig. 5D-F) . Taken together, these results suggest that MZT1 specifically recognizes γTuRC through binding to multiple GCPs, and that mutation of the MZT1-binding motif in only one of the GCPs was sufficient to reduce MZT1 and NEDD1 binding, and interfere with centrosomal targeting. The alignment was made with the software Geneious using the MUSCLE algorithm (Edgar, 2004) . (E) Yeast two-hybrid assay revealing the loss of interaction between MZT1 and N-terminal GCP fragments (wild type, WT) upon mutation of the MZT1-binding motif (mut). Growth and blue color indicates positive interaction. +, positive control; -, negative control.
MZT1 promotes not only γTuRC targeting but also activation
Only a relatively small percentage of total γTuRC localizes to the centrosome and the large majority is present in the soluble fraction of the cytoplasm (Bauer et al., 2016; Moudjou et al., 1996) . Given that microtubule nucleation occurs predominantly at the centrosome, the cytosolic γTuRC is presumably relatively inactive. Therefore, apart from targeting, spatial regulation of γTuRC should also involve activation of its nucleation activity. Indeed, expression of a 50-amino-acid fragment of CDK5RAP2 containing the conserved CM1 motif (CDK5RAP2 51-100) strongly stimulates the nucleation activity of cytosolic γTuRC (Choi et al., 2010) . Using the same assay, we asked whether the activation of cytosolic γTuRC by CDK5RAP2 51-100 required MZT1. Cells transfected with plasmid encoding EGFP or EGFP-CDK5RAP2 51-100 and with siRNA to knockdown γTuRC subunits were subjected to cold to completely depolymerize microtubules and then incubated at 37°C for 10 s to allow microtubule nucleation to occur. After fixation, cytoplasmic microtubules were analyzed by performing immunofluorescence microscopy and then quantified. As expected, the basal nucleation activity of γTuRC in control cells expressing EGFP was low, but could be stimulated by expression of EGFP-CDK5RAP2 51-100, as described previously (Fig. 6A,B ) (Choi et al., 2010) . Strikingly, this stimulatory effect was eliminated by simultaneous knockdown of MZT1. Complete γTuRC disruption upon depletion of GCP2 had a similar effect (Fig. 6A,B) . Interestingly, the basal activity in EGFP-expressing control cells was also reduced by depletion of MZT1, Again, this was similar to cells in which γTuRC was disrupted by GCP2 knockdown (Fig. 6A,B) . As an additional control, we also tested whether MZT1 knockdown affected the levels of endogenous CDK5RAP2, but this was not the case (Fig. 6D ). Taken together, these results suggested that activation of γTuRC nucleation activity required MZT1. Similar to NEDD1, CDK5RAP2 also binds specifically to γTuRC rather than to smaller subcomplexes, and the CM1 domain of CDK5RAP2 is sufficient for this interaction (Choi et al., 2010) . We speculated that MZT1 might not only promote interaction of γTuRC with the C-terminus of NEDD1, but also with the CM1 domain of CDK5RAP2. To test this, we immunoprecipitated transiently expressed EGFP-CDK5RAP2 51-100 from control cells and cells depleted of MZT1. Supporting our hypothesis, EGFP-CDK5RAP2 51-100 efficiently coprecipitated γTuRC subunits from control extracts, whereas in MZT1-depleted extract this interaction was diminished (Fig. 6C) . This result strongly suggests that the inability of EGFP-CDK5RAP2 51-100 to stimulate γTuRC nucleation activity in the absence of MZT1 (Fig. 6A,B ) was due to impaired γTuRC binding.
DISCUSSION
Here, we have elucidated the spatial regulation of microtubule nucleation in human cells. Side-by-side analysis of GCP4-, GCP5-and GCP6-knockdown cells revealed differences in the requirement of these GCPs for γTuRC integrity. In all cases, the degree of γTuRC disruption was correlated with impairment of all tested γ-tubulin-dependent functions, including centrosomal nucleation, centriole duplication, assembly of the mitotic spindle and mitotic progression. Cells were particularly sensitive to knockdown of GCP6 with phenotypes indistinguishable from defects after GCP3 knockdown, suggesting that in human cells γTuSC alone is not able to support γ-tubulin-dependent processes. Mechanistically, this dependence on γTuRC integrity is also rooted in the fact that only intact γTuRC can interact with the targeting factor NEDD1. The importance of GCP6 might be related to its central role in γTuRC assembly, as suggested by previous work in fungi in which GCP6 was shown to be required for the incorporation of GCP4 and GCP5 into complexes with γTuSC (Anders et al., 2006) and targeting of Aspergillus GCP4 and GCP5 to the spindle pole body was found to require GCP6, but GCP6 spindle pole body localization was found to be independent of GCP4 and GCP5 (Xiong and Oakley, 2009 ). However, whereas in control extracts GCP6 co-fractionates almost exclusively with γTuRC, GCP4 and GCP5 are also present in complexes smaller than γTuRC. If GCP4 or GCP5 knockdown preferentially affect this non-γTuRC-associated pool of the proteins, this might leave some γTuRC intact and reduce the severity of the knockdown phenotypes compared to cells depleted of GCP6. Thus, to unequivocally determine the relative importance of GCP4, GCP5 and GCP6 for γTuRC integrity and activity, reconstitution of γTuRC from recombinant proteins might be required.
Why do animal cells contain pre-assembled cytosolic γTuRCs? Limiting the assembly of such higher-order γ-tubulin complexes to MTOCs might satisfy the needs of relatively simple microtubule networks consisting of only a few microtubules, such as those in yeast cells. In more complex animal cells that contain hundreds of microtubules, pre-assembled γTuRCs might be more suitable for responding quickly to sudden changes in the demand for nucleators, for example, when cells initiate mitotic spindle assembly. Spatial control over nucleation requires γTuRC pre-assembly to be separated from targeting and activation, to ensure that incompletely assembled γTuRC or its subcomplexes are not recruited to MTOCs, and fully assembled γTuRCs become active only upon interaction with MTOCs. We found that a fundamental element in this regulation is the small subunit MZT1, which, on the one hand allows specific recognition of intact γTuRC through a multi-subunit binding mode, and, on the other hand, enables γTuRC to interact with NEDD1 and CDK5RAP2, to allow targeting and activation, respectively. Owing to its central role in γTuRC regulation, one can speculate that MZT1 activity (controlled at the level of available MZT1 protein or by post-translational modification) will determine the amount of γTuRC that can be targeted and activated to nucleate microtubules. Other γTuRC regulators could also be subject to this type of regulation. Consistent with this notion, the regulatory factors NEDD1 and CDK5RAP2 have a significantly higher turnover rate compared to the γTuRC structural core subunits γ-tubulin, GCP2, GCP3, GCP4, GCP5 and GCP6 (Jakobsen et al., 2011) . Moreover, NEDD1 is phosphorylated at multiple sites to specifically control γTuRC function in distinct mitotic nucleation pathways (Gomez-Ferreria et al., 2012; Haren et al., 2009; Johmura et al., 2011; Lüders et al., 2006; Pinyol et al., 2013; Scrofani et al., 2015; Sdelci et al., 2012; Teixidó-Travesa et al., 2010 . Future work will show whether human MZT1 is subject to similar regulation.
Based on genetic evidence, it has been recently shown that GCP6 and MZT1 in fission yeast act synergistically in mitotic spindle assembly, but the underlying mechanism remained unclear (Masuda and Toda, 2016) . Our findings now allow a mechanistic interpretation of this synergistic effect: GCP6 is not only crucial for γTuRC integrity but also interacts directly with MZT1. In fact, our data indicates that MZT1 binds to all GCPs but GCP4, and not only to GCP3, as previously suggested. MZT1 binding is mediated by a conserved motif present in the NTEs of GCP2, GCP3, GCP5 and GCP6. The individual binary interactions appear to be relatively weak and in some cases were barely detectable in yeast two-hybrid or co-immunoprecipitation assays, which might explain why they were not revealed in previous studies. In this context, it is interesting Pericentrin FLAG G C P 3 to note that one study showed weak interaction of the Arabidopsis MZT1 homologs GIP1a and GIP1b with GCP2 (Nakamura et al., 2012) . However, the authors did not interpret this as a positive interaction, possibly due to a much stronger interaction with GCP3 that was observed in the same assay.
Although binary interactions between MZT1 and GCPs appear to be weak, binding of MZT1 to γTuRC is robust: in sucrose gradients the majority of total MZT1 is consistently found to be associated with γTuRC and only a small amount is present in lower molecular mass fractions. Our data is consistent with a cooperative binding mode that allows strong and specific interaction of MZT1 with γTuRC by binding to multiple GCPs. This is in agreement with our observation that mutation of the MZT1-binding motif in only a single GCP impairs the interaction of γTuRC with MZT1 and, as a result, NEDD1-dependent centrosomal targeting. Considering its small size (∼8 kDa), binding of MZT1 to multiple GCPs likely involves multiple MZT1 molecules, possibly in an oligomeric form. Indeed, purified recombinant MZT1 has been previously shown to form oligomers in solution (Dhani et al., 2013) .
Based on our results, we propose that the function of MZT1 does not require interaction with specific GCPs but rather with the common conserved motif in the NTEs, either in the form of γTuRC or, in organisms that contain MZT1 but lack GCP4, GCP5, and GCP6 (Lin et al., 2015) , in the form of γTuSC oligomers (Fig. 7) .
The essential role of MZT1 does not seem to be γTuRC assembly, given that MZT1 depletion conditions that produced severe cellular defects, still allowed detection of γTuRC by sucrose gradient fractionation. Instead MZT1 seems to 'prime' γTuRC for interaction with other regulatory factors. An open question is how MZT1 promotes these interactions. We envision two scenarios that are not mutually exclusive. MZT1 might directly interact with targeting and activation factors to promote their binding to γTuRC or may act indirectly, by inducing a conformational change in the γTuRC structure that increases affinity or exposes a binding site for these proteins (Fig. 7) .
In summary, our work demonstrates that human MZT1 is central to the regulation of microtubule nucleation by linking specific recognition of fully assembled γTuRC to attachment and activation at MTOCs. Although we cannot rule out that MZT1 also directly regulates γTuRC, our data suggests that MZT1 functions as a 'priming' factor that prepares γTuRC for interaction with other proteins to control targeting and activation.
MATERIALS AND METHODS
Molecular biology
Full-length MZT1 cDNA (Human MGC Verified FL clone, ID: 40122127, accession: BC125183) was amplified by PCR and inserted into the plasmid pEGFP-C1 (Clontech) containing a modified multiple clone site with FseI and AscI restriction sites. To express GCP2, GCP3, GCP4, GCP5 and GCP6 full-length proteins and fragments tagged with FLAG, the respective cDNAs (Murphy et al., 2001 (Murphy et al., , 1998 were PCR amplified and cloned into a pCS2+-based vector encoding an N-terminal 3xFLAG tag and carrying a modified cloning site with FseI and AscI restriction sites. For the expression of His-or GST-tagged proteins in Escherichia coli, cDNAs encoding MZT1, GCP2 1-506, GCP3 1-552, GCP4 1-347, GCP5 1-713 and GCP6 1-710 were inserted into pET28a with a modified cloning site using FseI and AscI or into pGEX-4X-1 (GE Healthcare, Piscataway, NJ) using EcoRI and XhoI restriction sites. Previously described plasmids were used for expression of GST-C-NEDD1 (amino acids 344-667) (Lüders et al., 2006) , EGFP-CDK5RAP2 51-100 (Choi et al., 2010) and NEDD1-EGFP (Haren et al., 2009 ). For expression in yeast, MZT1 and the N-terminal fragments of GCP2-GCP6 where inserted into plasmids pGBKT7 and pGADT7 (Clontech) using modified cloning sites with FseI and AscI restriction sites. GCP3 I93A/L94A/L97A, GCP5 I110A/L111A/L114A, and GCP6 V110A/L111A/L114A mutants, and RNAi-resistant mutants of NEDD1 and of GCPs generated by introduction of multiple silent mutations in the target sequences where made by following the QuikChange Site-Directed Mutagenesis protocol (Agilent Technologies). Sequence analysis and alignments were performed with Geneious software (Biomatters).
For RNAi-mediated depletion of GCP2, GCP3, GCP4, GCP5, GCP6 and MZT1, we used RNA oligonucleotides with the following targeting sequences: GCP2 #1, 5′-GAGCUAUGCCUGUACCUAA-3′ (#s21284, Ambion/Thermo Fisher); GCP2 #2: 5′-GGCUUGACUUCAAUGGUUU-3′ (#s21286, Ambion/Thermo Fisher); GCP3, 5′-GGACUUGCUAAAA CCAGAA-3′ (Silencer Select Pre-designed siRNA, #s20395, Ambion/ Thermo Fisher); GCP4, 5′-GCAAUCAAGUGGCGCCUAA-3′ (Choi et al., 2010) ; GCP5, 5′-GGAACAUCAUGUGGUCCAUCA-3′ (Izumi et al., 2008) ; GCP6, 5′-AAACGAGACUACUUCCUUA-3′ (Silencer Select Pre-designed siRNA, #s2249992, Ambion/Thermo Fisher); and MZT1, 5′-GCUUUAUCAUCGGUUAUUA-3′ (Ambion ID s54042). RNAi-mediated depletion of NEDD1 was performed as previously described (Lüders et al., 2006) .
Antibodies and reagents
Anti-MZT1, anti-GCP2, anti-GCP3, anti-GCP5 and anti-GCP6 rabbit polyclonal antibodies were generated against human His-MZT1 or Histagged N-terminal fragments of the human GCPs (GCP2 1-506, GCP3 1-552, GCP5 1-713 and GCP6 1-710) expressed in ArticExpress cells (Agilent Technologies), solubilized in 8 M urea and affinity-purified under denaturing conditions using Ni-Sepharose beads (GE Healthcare). The proteins were used for immunization of rabbits (Antibody Production Service, Facultat de Farmàcia, Universitat de Barcelona, Spain). Anti-MZT1 specific antibodies were purified by acid elution after binding to GST-MZT1 immobilized on Affi-Gel 15 resin (Biorad), the anti-GCP2-6 antibodies were affinity-purified using the antigens subjected to PAGE and blotted on membranes.
Other antibodies used in this study were: mouse anti-γ-tubulin (GTU-88; Sigma-Aldrich; western blotting, 1:10,000), mouse anti-γ-tubulin (TU-30, Exbio; immunofluorescence, 1:500), rabbit anti-γ-tubulin (Sigma-Aldrich: immunofluorescence, 1:250), mouse anti-α-tubulin (DM1A, Sigma-Aldrich; immunofluorescence, 1:2000), mouse anti-NEDD1 (7D10, Abnova; western blotting, 1:2000), rabbit anti-NEDD1 (immunofluorescence, 1:500; western blotting, 1:2500; Lüders et al., 2006) , rabbit anti-GCP3 (15719-1-AP, Proteintech; western blotting, 1:1000), rabbit anti-GCP4 (GTX115949, Genetex; western blotting, 1:500), rabbit anti-GCP5 (BS3303, Bioworld; ) of full-length GCP3, GCP5 and GCP6 were expressed in HEK293 cells and immunoprecipitated (IP). The associated proteins were identified by western blotting with specific antibodies as indicated. GAPDH was detected as a loading control and to confirm the specificity of the immunoprecipitation. (B) FLAG-tagged constructs as in A were expressed in U2OS cells. After staining with anti-FLAG and antipericentrin antibodies, and DAPI to label DNA, cells were analyzed by immunofluorescence microscopy. Scale bar: 10 µm. (C) Centrosomal FLAG and pericentrin signal intensities of cells stained as in B were quantified and plotted as percentages relative to control cells expressing wild-type proteins (set to 100%); n>55 centrosomes combined from three independent experiments. (D) Immunofluorescence images of HeLa cells depleted of GCP3 and expressing RNAi-resistant FLAG-tagged wild-type or 3A mutant GCP3. Cells were stained with anti-FLAG, anti-NEDD1 and anti-γ-tubulin antibodies. Scale bar: 10 µm. (E) Centrosomal γ-tubulin staining was quantified in interphase HeLa cells transfected with control or GCP3 siRNA, and with plasmid expressing FLA-EGFP, and FLAG-GCP3 or FLAG-GCP3 3A mutant. Mean intensities were plotted relative to control cells (set to 100%); n=60 centrosomes per condition combined from three independent experiments. (F) The mitotic index was scored in cells transfected with control or GCP3 siRNA, and with plasmid expressing FLAG-EGFP, and FLAG-GCP3 or FLAG-GCP3 3A mutant; n=3 experiments, >200 cells per condition in each experiment. All quantitative results are mean±s.e.m. ***P<0.001; ****P<0.0001 (unpaired t-test compared with wild type or as indicated).
western blotting, 1:500), rabbit anti-GCP6 (AB95172, Abcam; western blotting, 1:2000), rabbit anti-pericentrin (1:500; Lüders et al., 2006), mouse anti-GFP (3E6, Thermo Fisher; western blotting, 1:2000; immunofluorescence, 1:500), rabbit anti-GFP (TP401, Torrey Pines Biolabs; western blotting, 1:2000; immunofluorescence, 1:500), mouse anti-Centrin 3 (H00001070-M01, Abnova; immunofluorescence, 1:500), mouse anti-FLAG (F3165, Sigma-Aldrich; immunofluorescence, 1:1000), rabbit anti-FLAG (F7425, SigmaAldrich; immunofluorescence, 1:200), mouse anti-GAPDH (sc-47724, Santa Cruz Biotechnology; western blotting, 1:10,000). Dilutions of affinity-purified, custom-made antibodies varied from preparation to preparation, but were typically used 1:500 for immunofluorescence and 1:2000 for western blotting.
Alexa-Fluor-488, Alexa-Fluor-568-, and Alexa-Fluor-350-conjugated secondary antibodies used for immunofluorescence microscopy were from Thermo Fisher (1:200). For co-labeling with two mouse primary antibodies, isotype-specific secondary antibodies were used. Horseradish-peroxidasecoupled secondary antibodies for western blotting were from Jackson ImmunoResearch Laboratories.
Cell culture, transfection and microtubule regrowth
Hek293, U2OS and HeLa (all ATCC) cells were grown in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal calf serum, at 37°C with 5% CO 2 , and were routinely confirmed to be free of contamination. Cells were transfected with plasmid using Lipofectamine 2000 or, in the case of Hek293 cells, with calcium phosphate, and siRNA using Lipofectamine RNAiMAX (Thermo Fisher). For rescue experiments, cells were first transfected with siRNA and 48 h later with plasmid. At 24 h after the second transfection cells were fixed and analyzed.
For mitotic microtubule regrowth experiments, dishes containing coverslips with transfected HeLa cells were incubated with 100 ng/ml nocodazole for ∼16 h. Nocodazole was then washed out and cells were incubated for 30 min in an ice-water bath to depolymerize microtubules. For regrowth experiments in interphase, transfected U2OS cells without drug treatment were incubated 30 min in an ice-water bath. To allow microtubule regrowth, coverslips with cells were moved to medium at 37°C, followed by methanol fixation. 
Yeast two-hybrid assay
To test the interactions between GCPs and MZT1 the Matchmaker twohybrid system was used according to the manufacturer's protocol (Clontech). Briefly, plasmids containing a GAL4 DNA-binding domain ( pGBKT7 backbone) and plasmids containing a GAL4 activation domain ( pGADT7 backbone) carrying the desired cDNAs were transformed into yeast strains AH109 and Y187, respectively. Yeast mating was performed in 2× YPDA medium for 16-20 h, and diploids were selected by leucine and tryptophan prototrophy. Protein interactions were identified selecting for histidine and adenine prototrophy. Mel1 activity of yeast strains with positive protein interactions was assayed by adding the substrate X-α-Gal (5-bromo-4-chloro-3-indolyl-α-D-galactopyranoside, Clontech) directly to the plates. Yeast strains carrying pGADT7-T (SV40 large T-antigen 84-708) and pGBKT7-53 (encoding murine p53 72-390), and pGADT7-T (encoding SV40 large T-antigen 84-708) and pGBKT7-Lam (encoding human lamin C 66-230) served as positive and negative controls, respectively.
Immunoprecipitation and GST pulldown
Transfected cells were washed in PBS and lysed in buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, 0.5% NP-40 and protease inhibitors) for 10 min on ice. Cleared lysates were obtained by centrifugation for 15 min at 16,000 g at 4°C. For immunoprecipitation, lysates were incubated with antibodies for 1 h at 4°C. Sepharose-protein-G beads (GE Healthcare) were added and the mixture was incubated for an additional hour at 4°C. For GST pulldown, purified recombinant GST or GST-C-NEDD1 (Lüders et al., 2006) pre-bound to glutathione-Sepharose beads (GE Healthcare) were added to cleared lysates and incubated for 2 h. The beads were pelleted and washed three times with lysis buffer. Samples were prepared for SDS-PAGE by boiling in sample buffer.
Western blotting
Cells were washed in PBS and lysed in buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM MgCl 2 , 1 mM EGTA, 0.5% NP-40 and protease inhibitors) on ice. Cleared extracts were prepared by centrifugation and, after determination of protein concentration by Bradford assay (Biorad), subjected to SDS-PAGE. Proteins were transferred to PVDF or nitrocellulose membranes by tank blotting with transfer buffer containing 20% methanol and 0.1% SDS for 90 min and probed with antibodies. For detection of MZT1 transfer buffer without SDS and PVDF membrane with 0.2 µm pore size was used, and transfer time was reduced to 60 min.
Sucrose gradient centrifugation 300 µl of cell extract prepared as above was loaded on a 4.2 ml 10-40% sucrose gradient prepared in 50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM MgCl 2 and 1 mM EGTA and centrifuged in a SW-55Ti rotor (Beckman) for 4 h at ∼366,000 g at 4°C. Fractions were collected from the top of the gradient by pipetting and analyzed by western blotting. As molecular mass standards, aldolase (158K, 7S) and thyroglobulin (669K, 19S) (GE Healthcare) were analyzed in gradients prepared and run under identical conditions.
Fluorescence microscopy
HeLa and U2OS cells grown on coverslips were fixed in methanol at −20°C for at least 5 min and processed for immunofluorescence. Fixed cells were blocked in PBS-BT (1× PBS, 0.1% Triton X-100 and 3% BSA) and incubated with antibodies in the same buffer. Images were acquired with an Orca AG camera (Hamamatsu) on a Leica DMI6000B microscope equipped with 1.4 NA 63× and 100× oil immersion objectives. AF6000 software (Leica) was used for image acquisition. Image processing and quantification of fluorescence intensities was performed with ImageJ software. Intensities were measured in images acquired with constant exposure settings and were background-corrected. To quantify non-centrosomal, cytoplasmic microtubules in regrowth experiments, the cell boundaries and the area around the centrosome containing astral microtubules were outlined in ImageJ. The intensity value obtained for astral microtubules around the centrosome was subtracted from the intensity value obtained for total microtubule staining within the cell boundaries.
Statistical analysis
Statistical analysis was performed using Prism 6 software. Two-tailed, unpaired t-tests were performed to compare experimental groups. The results are reported in the figures and figure legends.
